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1.0 Introduction

The Stratospheric Aerosol and Gas Experiment 111 (SAGE I11) is a critical part of the
Earth Observing System (EOS). The EOS mission is to develop an understanding of the
total Earth system and the effects of natural and human-induced changes on the global
environment. SAGE 11l provides limb occultation measurements with a flexible
instrument design that permits on orbit reprogramming and channel selection with up to
800 channels spanning the ultraviolet, visible, and near infrared (280-1040 nm). Solar
observations will provide high resolution vertical profiles of multi-wavelength aerosol
extinction, the molecular density of ozone, nitrogen dioxide, and water vapor, as well as
profiles of temperature, pressure, and cloud presence. In addition, the inclusion of a
repositionable solar attenuator will allow lunar occultation observations that will improve
the geographic coverage and permit measurements of nitrogen trioxide and chlorine dioxide
in addition to ozone, nitrogen dioxide, water vapor, and pressure.

1.1 Purpose

This Algorithm Theoretical Basis Document (ATBD) describes the algorithms used to
retrieve the SAGE |11 temperature and pressure data products. All SAGE 111 data products
will be archived at the NASA Langley Research Center Distributed Active Archive Center
(DAAC). This document identifies sources of input data which are required for the
retrieval; provides the physical theory and mathematical background underlying the use of
this information in the retrievals, describes practica considerations affecting algorithm
development; and outlines a test and validation approach. However, since the retrieval of
each data product depends on the form and quality of the transmission measurements
(Level 1B data products) and influences other dataretrievals, an overall description of the
entire retrieval processis described at a high-level in Chapter 3.

1.2 Scope

Anindividual document has been developed for each SAGE |11 standard data product
summarized in Table 1.2.1. This document covers the algorithm theoretical basis for the
parameters to be included in the SAGE Ill Data Products at or near launch time. Only
parameters that are to be routingly retrieved are discussed. Current development and
prototyping efforts may result in modifications to parts of certain algorithms. Only the
algorithms which are implemented for routine processing of SAGE |1l data will be
preserved in the arelease of this document.



1.3 Applicable Documents

1.3.1 Controlling Documents

Mission to Planet Earth Strategic Enterprise Plan 1996-2002, NASA HQ EOS, May 1996.
Execution Phase Project Plan for Earth Observing System (EOS), GSFC 170-01-01, Rev.
A., May 1995,

1.3.2 SAGE IIl ATDB Reference Documents

SAGE Il Algorithm Theoretical Basis Document: Transmission Data Products, LaRC
475-00-108, February 2000.

SAGE Il Algorithm Theoretical Basis Document: Temperature and Pressure Data
Products, LaRC 475-00-104, February 2000.

SAGE I11 Algorithm Theoretical Basis Document: Aerosol Data Products, 475-00-105,
February 2000.

SAGE Il Algorithm Theoretical Basis Document: Nitrogen Dioxide Data Products, LaRC
475-00-101, February 2000.

SAGE Il Algorithm Theoretical Basis Document: Nitrogen Trioxide Data Products, LaRC
475-00-102, February 2000.

SAGE Il Algorithm Theoretical Basis Document: Chlorine Dioxide Data Products, LaRC
475-00-103, February 2000.

SAGE Il Algorithm Theoretical Basis Document: Water Vapor Data Products, LaRC
LaRC 475-00-100, February 2000.

SAGE I11 Algorithm Theoretical Basis Document: Cloud Presence Data Products, LaRC
LaRC 475-00-106, February 2000.

SAGE Il Algorithm Theoretical Basis Document: Ozone Data Products, LaRC 475-00-
107, February 2000.

1.4 Revision History

The original version of this document was dated November 15, 1996. Version 1.1 was
released on 15 April 1997. Thisrelease, version 1.2, is dated 18 February 2000.
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1.6 SAGE Il Standard Data Products

Table1.2.1 SAGE |1l Standard Data Products

PRODUCT NAME ACCURACY | TEMPORAL HORIZONTAL | VERTICAL
Absolute :: RESOLUTION | Resolution :: Resolution ::
Relative Coverage Coverage

Level 1B Transmission

(<80 wavelengths) 0.05% :: 1/(2 minutes), <2x<1ldeg:: 0.5 km :: 0-100

Solar Events 0.05% 30/day Global km

Aerosol Extinction

Strat. Optical Depth 5% :: 5% 1/(2 minutes), <2x<ldeg:: 0.5 km :: 0-40 km

(at 9 wavelengths), 30/day Global

Aerosol to

mol ecular/extinction

ratio at 1020 nm

(solar only)

H,O 0.5 km :: 0-50 km
Concentration (Alt.) 10% :: 15% 1/(2 minutes), <2x<ldeg:: 24 levels/decade ::
Mixing Ratio (Pressure) 30/day Global 1000-0.8 hPa

NO, 0.5km:: 10-50 km
Concentration (Alt.) 10% :: 15% 1/(2 minutes), <2x<ldeg:: 24 |levels/decade ::
Mixing Ratio (Pressure) 30/day Global 250-0.8 hPa
Slant Path Col. Amt. 0.5km:: 10-50 km

(Alt.)

NO, (Lunar Only) 0.5km:: 20-55km
Concentration (Alt.) 10% :: 10% 1/(2 minutes), <2x<ldeg:: 24 levels/decade ::
Mixing Ratio (Pressure) <30/day Global 50-0.4 hPa

O, 0.5km :: 6-85 km
Concentration (Alt.) 6% :: 5% 1/(2 minutes), <2x<ldeg:: 24 |levelg/decade ::
Mixing Ratio (Pressure) 30/day Global 500-0.004 hPa
Slant Path Col. Amt. 0.5 km :: 50-85 km

(Alt.)

OCIO (Lunar Only) 0.5km:: 15-25km
Concentration (Alt.) 25% :: 20% 1/(2 minutes), <2x<ldeg:: 24 levels/decade ::
Mixing Ratio (Pressure) <30/day Global 121-25 hPa

Pressure 2% :: 2% 1/(2 minutes), <2x<ldeg:: 0.5km :: 0-85 km

30/day Global

Temperature Profile 2K :: 2K 1/(2 minutes), <2x<ldeg:: 0.5km:: 0-85 km

30/day Global 24 |levelg/decade ::
1000-0.004 hPa

Cloud Presence N/A 1/(2 minutes), <2x<ldeg:: 0.5 km :: 6-30 km

30/day Global




2.0 Background

SAGE |1l isthe fifth generation of solar occultation instruments designed to measure
atmospheric aerosols and gaseous species in the atmosphere. The solar occultation method
employs the attenuation of the Sun's rays as observed through the limb of the Earth's
atmosphere to determine the vertical distribution of important atmospheric constituents.
M easurements are made during each sunrise and sunset (an "event") encountered by the
spacecraft (~30/day). This method is well-suited for long-term monitoring of trends and
variability in key species such as ozone since the instrument is recalibrated during each
event. Theinstrument concept originated as a hand-held, single wavelength sunphotometer
(Stratospheric Aerosol Measurement or SAM) which was flown onboard an Apollo
mission in 1975 (Pepin and McCormick, 1976). SAM |l was a one wavelength (1000
nm) instrument which operated on Nimbus-7 between 1978 and 1994 (McCormick et al.,
1979, 1981). The Stratospheric Aerosol and Gas Experiment (SAGE) operated on the
Application Explorer Mission 2 (AEM-2) spacecraft between 1979 and 1981. This
instrument made measurements at 4 wavel engths and measured molecular density profiles
of O, and NO, in addition to aerosol extinction at 2 wavelengths (450 and 1000 nm)
(McCormick et al., 1979). SAGE |l has operated on the Earth Radiation Budget Satellite
(ERBS) since 1984 and makes measurements at 7 wavelengths. In addition to the species
measured by SAGE, SAGE || measures the molecular density profile of H,O and aerosol
extinction at 4 wavelengths (385, 453, 525 and 1020 nm) (Mauldin et al., 1985
McCormick, 1987). In SAGE Il1, acharged coupled device (CCD) linear array provides
spectral coverage from 280 to 1040 nm. In addition, a single photodiode adds aerosol
extinction measurements at 1540 nm. (McCormick et al., 1991, Mauldin, 1989;
McCormick et a., 1993). A repositionable solar attenuator will permit both solar and lunar
occultation measurements, increasing the geographical coverage and alowing for the
detection of nitrogen trioxide and chlorine dioxide. The incorporation of the CCD array
will permit the measurement of gaseous species from multichannel absorption signatures
simplifying the retrieval process, and 16-bit digitization will improve the precision and
altitude range of the measurements.

2.1 Experimental Objectives

The science objectives to be accomplished by SAGE |11 are:

* Retrieve global profiles of atmospheric aerosol extinction, temperature, and pressure and
molecular density profiles of ozone, water vapor, nitrogen dioxide, nitrogen trioxide, and
chlorine dioxide with 0.5 km vertical resolution;

 Characterize tropospheric as well as stratospheric clouds and investigate their effects on
the Earth's environment, including radiative, microphysical, and chemical interactions;



» Determine long-term trends in gaseous species and temperature;

* Provide atmospheric data essential for the interpretation and calibration of other satellite
sensors, including EOS instruments.

* Investigate the spatial and temporal variability of these speciesin order to determine their
rolein climate processes, biogeochemical cycles, and the hydrological cycle.

2.2 Relevance of Temperature and Pressure M easurementsto EOS

Temperature and pressure measurements are essential to SAGE 111 for computing Rayleigh
scattering and the retrieval of mass mixing ratios of gaseous species on pressure surfaces.
The addition of temperature and pressure measurement capability will eliminate the need for
an external source of these data. In addition, an accurate determination of the vertical
distribution of temperature by SAGE Il will be vauable for addressing outstanding
scientific issues, such as climate change. For instance, the retrieved temperature profiles
will serve to establish a climatology, which would provide areference frame against which
radiative-dynamica-chemica generad circulation model ssimulations could be compared,
leading to model improvements and enhancementsin the fundamental understanding of the
interactions between these processes and of the state of the climate system. In addition,
the measurements will provide an important basis for the assessment of both short- and
long-term temperature trends.

Temperature trends are a valuable tool to monitor potential climate change and, accordingly,

intense interest exists in assessing temperature trends in both the troposphere and
stratosphere. It is of particular importance to determine whether the observed changes are
atributable to any specific causes, including anthropogenic ones. Assessments of

temperature trends in the troposphere and lower stratosphere are now being made with
some confidence utilizing temperature measurements from ground-based, in situ, and
spaceborne sensors. Temperature trends based on ground-based measurements over the
last century have been compiled by, among others, Hansen and L ebedeff [1988], Hansen
et al. [1995], and Jones [19944, b], but these possess large uncertainties due to inadequate
gpatiad sampling [Karl et al., 1994]. Numerous analyses of tropospheric and lower
stratospheric temperature trends have been performed using in situ (radiosonde) data
including Angell [1988], Miller et al. [1992], Oort and Liu [1993], and Labitzke and van

Loon [1992, 1994]. Tropospheric and stratospheric temperature trends based on data from
the Microwave Sounding Unit (MSU) have been discussed by Spencer and Christy [1992,

1993], while trends in lower stratospheric temperatures as afunction of latitude and month
have been estimated by Randel and Cobb [1994]. The results of all these studies have been
reviewed in WMO [1992, 1995] and IPCC [1990, 1992, 1996] and show tropospheric
warming and lower stratospheric cooling over the past decade. The long-term global mean
cooling of the lower stratosphere since the late 1970's is generally attributed to negative
radiative forcing due to the loss of ozone [IPCC, 1992; WMO, 1995], while the suspicion
is growing that tropospheric warming is associated with anthropogenic greenhouse gas
increases, including tropospheric ozone [IPCC, 1996].



In the lower stratosphere, ozone is the major constituent in determining the radiative
balance, and the response times to perturbations in the concentration of ozone are quite
rapid in thisregion (< 1 year). Therefore, it isreasonable to assume that any significant
change in ozone concentration (e.g., in response to controls on the ozone-destructive,
chlorine- and bromine-containing compounds) would lead to changes in temperature. Itis
very important to monitor such temperature changes on a continuing basis. Given the
proven track record of the SAGE instrument suite, SAGE 11 should be able to monitor
such trends over the next decade or longer.

There have been considerably fewer studies devoted to detecting climate change in the
upper stratosphere and mesosphere, due in part to the lack of long-term temperature
measurements in this region of the atmosphere. Studies have shown that increases in
carbon dioxide lead to a cooling of the middle atmosphere [Fels et al., 1980]. For
example, radiative transfer calculations by Rind et al. [1990] predict a 10°K cooling near
the stratopause in aresponse to a doubling of CO,, while Roble and Dickinson [1989]
calculated a cooling of similar magnitude in the upper mesosphere. Angell [1987] estimated
atemperature trend using rocketsonde data from 1973-1985 of -0.4°K, -1.2°K, and -2.0°K
per decade in the 26-35 km, 36-45 km, and 46-55 km layers, respectively. Aikin et al.
[1991], using data from the Stratospheric Sounding Units onboard the NOAA operational
satellites, reported a temperature decrease of 3.5°K from 1980-1990 at 0.5 hPa
(approximately 55 km). Taubenheim et al. [1990] noted that the reflection height of radio
waves near 80 km had decreased by 10% from 1962 to 1987, implying an average of
1.6°K per decade cooling of the whole mesosphere. In addition, Hauchecorne et al.
[1991] using a Rayleigh lidar in France, estimated a cooling of 4°K per decade from 1978
to 1989 at 60-70 km. Unfortunately, confidence in these observed trendsis limited by the
restricted spatial coverage of the rocket and lidar data observations and intrinsic trends and
discontinuities in the SSU data record related to calibration biases [e.g. Finger et al.,
1993].

Temperature changes are not necessarily linked directly to anthropogenic changesin trace
gases. For example, solar-cycle induced variations of stratospheric temperature are implied
by the correlation studies reported by Labitzke [1987], and Labitzke and van Loon [1992],
aswell as by the wind variations reported by Kodera and Y amazaki [1990] and Hood et al.
[1993]. Stratospheric temperature changes have also been associated with the Quasi-
Biennial Oscillation (QBO) [e.g., van Loon and Labitzke, 1987]. In addition, recent
measurements from the Upper Atmospheric Research Satellite (UARS) [Keckhut et al.,
1996] show that the diurnal and semi-diurnal temperature cycles can be quite large in the
upper stratosphere. Radiative forcing by aerosols has also been shown to warm the lower
stratosphere after major volcanic eruptions [e.g., Parker and Brownscombe, 1983; Quiroz,
1983; Pollack and Ackerman, 1983; Labitzke and McCormick, 1992; Rind et al., 1992].
The warming anomaly usually lasts for a short period of time (< 1 year) and is coincident
with the spatial distribution and residence time of the particles. Short-term temperature
variations are aso important in understanding the photochemical interactions and feedback
in the formation and destruction of ozone in both the polar regions and other latitudes. It
has also been noted that measurements of trace species need to be accompanied by



simultaneous temperature and pressure measurements in order to understand the full
chemical and dynamical interactions involved, as was shown from UARS measurements
by Manney et al. [1994]. Therefore, SAGE Il will provide a valuable database to study
ozone photochemistry.

In summary, the SAGE |11 temperature measurements will provide a self-calibrated, high
vertical resolution data set for monitoring temperature changes in the stratosphere and
mesosphere for determining long-term trends and periodic changes (e.g., those associated
with the solar cycle or QBO), as well as provide a valuable tool to understand the
photochemical interactions and feedback in the formation and destruction of ozone and the
radiative forcing due to volcanic aerosols.

2.3 Historical Perspective and M easurements

The temperature structure of the troposphere and lower stratosphere has been derived
historically from radiosonde data and surface-based observations, which are biased toward
observations over land. Radiosonde data also have inherent problems in that instruments
and individual station practices change over the years, introducing artifacts in the
temperature and pressure record which appear as discontinuities or even more subtle
changes [Gaffen, 1994]. Microwave observations from satellites have added to the
database for broad altitude regions in the troposphere and lower stratosphere since 1979
[Spencer and Christy, 1993]. In the middie atmosphere above 30 km, in situ rocket
measurements have been made since the 1950's. The rocketsondes provide nearly
instantaneous vertical profilesup through 60 km. Faling spheres have been used to
provide temperature measurements up to 90 km, but only on a sporadic basis [Schmidlin,
1981]. Several satellite experiments have retrieved mesospheric temperatures, but with
relatively low vertical resolution, including the Pressure Modulated Radiometer [Curtis et
al., 1974], Selective Chopper Radiometer [Ellis et al., 1973], Limb Infrared Monitor of the
Stratosphere [Gille et al., 1984], and the Stratosphere and Mesosphere Sounder
[Drummond et al., 1980]. Additional temperature measurements are being made by at least
two UARS instruments (HALOE and HRDI). In addition, the upper stratosphere is being
continuously observed by the Stratospheric Sounding Unit instruments on NOAA
operationa satellites [Miller et al., 1980], but again with reatively coarse vertica
resolution. Various groups [e.g., GSFC DAO, NMC/NCEP, UKMET, ECMWF]
combine satellite data with radiosonde data to produce regular, gridded data at specific
atitudes or pressure levels. These assimilated products have artifacts from both changesin
radiosondes and changes in satellites imbedded in the time series of observations.

The SAM |1, SAGE, and SAGE Il instruments relied on NOAA temperature and pressure
datato compute Rayleigh scattering and for computations of mixing ratios of ozone and
other parameters on pressure surfaces. Thus, the temperature and pressure measurements
on SAGE |1l are new parameters with no heritage from previous SAGE instruments.
Whenever NOAA operational satellites have been replaced, a discontinuity in the NOAA
temperature fields occurred above 10 hPa, and an adjustment was required to compensate
for this discontinuity [Finger et al., 1993]. Adjustmentsin the temperature fields were tied



to a statistical ensemble of rocketsonde data collected over time with co-located NOAA
satellite data. There was an obvious time lag needed for collection of the rocketsonde data
that resulted in temperature adjustments being performed after the fact. Levels below 10
hPa were more dependent on radiosonde data in the NOAA analyses, so no adjustments
were needed at these lower levels. A comparison study by Spencer and Christy [1993]
shows that the NOAA lower-stratospheric temperature data compare quite favorably over
time with the calibrated MSU channel 4 data.

The addition of temperature and pressure measurements by SAGE 111 will eliminate the
need of an outside data source. A reverse role might be played here where SAGE 111
temperature data could aid the NOAA satellites because of interruptions in rocketsonde data
over the years. The self-calibrating feature of SAGE |11 could be used in place of the
rocketsondes by providing information to adjust the NOAA data when a change in satellites
takes place.

3.0 Algorithm Description

3.1 Introduction

3.1.1 Physical Description

SAGE Il is designed to measure the attenuation of solar radiation by the Earth's
atmosphere due to scattering and absorption by atmospheric constituents during each
sunrise and sunset encountered by its spaceborne platform. In addition, SAGE |11 will
make measurements during moonrise and moonset when the atmosphere is not directly
illuminated by the Sun. SAGE I11 consists of three subsystems: the pointing, the imaging,
and the spectrometer subsystems. The pointing subsystem consists of a scan mirror which
acquires the radiant target (either the Sun or the Moon), and performs vertical scanning
(with respect to the Earth’ s horizon) across the target. A measurement is considered to
occur at the point along the line of sight (LOS) from the instrument to the target at which it
comes closest to the Earth’s surface (i.e., the sub-tangent point). The altitude of that point
above the Earth’s surface is commonly referred to as the tangent altitude. The imaging
subsystem produces a focused image of the target at afocal plane where the “science”
aperture, that defines the instrument’ s instantaneous field of view (IFOV), issituated. The
SAGE Il IFOV is 30 arcsecondsin the vertical direction which trandates to approximately
0.5 km at the tangent altitude. The spectrometer subsystem is situated behind the science
aperture and consists of an 800-element CCD to measure solar radiation from 280 to 1040
nm with 1 to 2 nm spectral resolution. An additional photodetector is used to measure
radiation at 1550 nm.

The viewing geometry of a solar occultation event isillustrated in Figure 3.1.1.1. During
an event, the spacecraft motion relative to the Sun’s (or Moon’s) location permit the
measurement of atmospheric transmission at tangent altitudes from the Earth’s surface to



well above the atmosphere. Since the instrument continually scans vertically across the
target, and both the Sun and Moon subtend 32 arcminutes, the transmission at each tangent
atitude is measured many times during an event. In addition, by measuring the
unattenuated target (along LOS's which do not intersect the Earth’'s atmosphere) the
instrument is recalibrated during each event. Therefore, the instrument provides not only
accurate, high vertica resolution measurements of atmospheric transmission, but
measurements which are relatively immune to drift in instrument performance.

Figure 3.1.1.2 illustrates the operation of the SAGE 111 instrument during atypical sunrise
event. Thetwo solid linesin the figure represent the upper and lower edges of the Sun as
viewed from the spacecraft during the course of the event. The apparent narrowing of the
solar image in the lower atmosphere is the result of refraction. The “saw-tooth” line
represents the relative motion of the instrument mirror as it scans across the Sun at a
nominal rate of 15 arcminutess*. As soon as the instrument acquires the Sun in the lower
atmosphere, the initiation of a sunrise event, the IFOV is centered long the radiometric
center of the solar image and the scan mirror will move up and down to provide vertical
scanning of asolar disk. The scanning motion continues until the tangent altitude reaches
300 km. Figure 3.1.1.3 shows an example of the measured radiance (expressed in counts)
for aSAM |1 1000 nm event. The scans are alternately upscans and downscans following
solar acquisition. Note the peak intensity of each scan gradually increases until it is
constant after approximately 40 s, indicating that the Sun is above the atmosphere. In this
example, the attenuation in the lower atmosphere is dominated by Rayleigh and aerosol
scattering.

The occultation technique is rather unique in that the measurement coverage, both spatial
and temporal, is strongly linked to the orbit parameters of the spacecraft. With one of the
prime scientific objectives being the determination and monitoring of trends in atmospheric
congtituents, SAGE Il must be deployed in a fashion which yields adequate spatia
(latitudinal) and tempora (seasonal) coverage. The current planned implementation for
SAGE Il isto place one instrument in a sun-synchronous orbit and another, concurrently,
inamid-inclination orbit. The addition of a second occultation target, the Moon, increases
the sampling and offers complementary coverage, for example, the ability to make
measurements during the polar winter night where sunrises and sunsets do not occur.

The spectral variation of atmospheric extinction isillustrated in Figure 3.1.1.4 showing the
contribution of atmospheric extinction versus wavelength from the different constituents at
an altitude of 18 km. Both aerosol and Rayleigh scattering contribute at all wavelengths.
Ozone has strong absorption in the Hartley-Huggins band (UV) and the Chappuis band in
the visible. NO, absorbs between 350 and 600 nm. Water vapor has absorption lines
throughout the visible, but with a strong band near 940 nm. NO, has absorption features
between 500 and 650 nm, and OCIO has a strong band at 350 nm. SAGE Il utilizes the
spectrometer with the CCD detector to provide spectral measurements over the wavelength
ranges from 280 to 1040 nm so that all of these gaseous species can be detected. An
additional channel at 1550 nmisused for near IR aerosol extinction measurements. While
SAGE Il makes 800 individual spectral measurements, in practice only 70-80 discrete
values (combinations of 1 or more digitized CCD element measurements) will be routinely
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transmitted to the ground. These are sufficient to retrieve all gaseous species and aerosol
parameters.

Figure3.1.1.1 SAGE Ill Solar occultation measurement geometry. The tangent altitude is
denoted by Z.

Ta rgant A ebude | )
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Figure3.1.1.2 Typical sunrise event: linesindicate position of top and bottom of the Sun,
and scan motion of SAGE scan mirror across the solar disk.
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Figure 3.1.1.3 An example of 1 micron extinction from SAM |l during a sunrise event.
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Figure3.1.1.4 Wavelength dependence of atmospheric extinction at 18 km (NO, and
OCIO are not shown).

3.1.2 TheForward Problem

The equation of radiative transfer in one dimension for radiance, (1 ,x), at wavelength | ,
at an arbitrary point x is given by

di(l,x) _

T LX) 10, %), (3.1.2.1)
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where S isthe source function and dt (I ,x) isthe optical depth between points x and
x+dx. The optica depth per unit distance (dt (I ,x)/ dx) is commonly referred to as
extinction. The source function consists of contributions from both single and multiple
scattering as well as emission. For SAGE |11 measurements, wavelengths, and geometry
(directly observing the Sun through a small IFOV), scattering and emission terms are very
small relative to the directly transmitted component and can be ignored. Therefore,
Equation 3.1.2.1 can be simplified to

di(l,x)
0" 11 ,%). (3.1.2.2)

The solution to this equation, when the unattenuated radiance (at x=0) isgiven by 1(I ,0),
isgiven by

1(1,x)= 1(1 ,00e"" ™, (3.1.2.3)

Then, theirradiance, R, as measured by SAGE 111 for channel “N”, can be expressed as

Ru(Z) = Qd ¢, dW( 0)e " CPWWY (1), (3.1.2.4)

wheret (1 ,Z) isthe optical depth along the line of sight at tangent height Z, between the
instrument and the Sun, DI isthe spectral width of channel N with band pass function
Y (I ),DW isthe angular field of view of the instrument with response W(W) . The value
of t(l,Z ) varieswith tangent altitude; it is effectively 0 above 100km and generaly
increases downward. It iscomposed of contributions from Rayleigh, aerosol, and gaseous
species extinction. Transmission along the line of sight, T, (Z,) (also called the slant path
transmission), at tangent height Z,, is defined as

Tu(Z)=R\(Z)I Ry(Z), (3.1.2.5)

where (Z,) isatangent altitude well above the atmosphere (> 100 km).

3.2 Retrieval Algorithm Description

3.2.1 Overview and Assumptions

In as much as SAGE Ill is afourth generation instrument, the operational software also
represents afourth level in the complexity of the species separation algorithm. The earliest
instrument, the Stratospheric Aerosol Measurement (SAM 11) (1978-1994) was asingle
channdl (or wavelength) instrument where external Rayleigh or molecular scattering effects
were subtracted from the line of sight optical depths. Subsequently, the remaining optical
depth peeled to a vertical profile of aerosol extinction at 1000 nm. The first Stratospheric
Aerosol and Gas Experiment (SAGE) (1979-1981), and its follow-on mission SAGE 1|
(1984-present), used measurements (often referred to as “ channels”) of atmospheric line-
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of-sight transmission at multiple wavelengths (four and seven, respectively) from the
ultraviolet to the near-infrared. These extra channels were employed to infer vertical
profiles of multi-wavelength aerosol extinction, ozone (O,), nitrogen dioxide (NO,), and,
in the case of SAGE 11, water vapor (H,O). These instruments also introduced a new
challenge: separating the effects of different species when they affect transmission at more
than one measurement wavelength [Chu et al., 1989]. While these experiments were
highly successful, the extent of mutual interference limited the vertica domain and the
accuracy of each speciesretrieved.

For solar occultation events, SAGE |11 uses 87 channels between 290 and 1540 nm at
which vertical profiles of transmission are determined. This data is used to produced
profiles of the molecular density of O;, NO,, H,O, aerosol extinction at 9 wavelengths,
cloud presence, temperature, and pressure. With this in the spectral density of the
channels, the inversion algorithm has been designed to minimize past difficulties with
species separation and improve both the accuracy and vertical range of the data products. In
addition, it adds new aerosol extinction channels (up to 9 wavelengths), formalizes cloud
presence as a data product, and temperature and pressure profiling through the use of the
oxygen A Band located near 765 nm. The process or agorithm that leads from raw
instrument counts to data products can be broken into two distinct parts: the transmission
algorithm and the species inversion algorithm. The different steps in the transmission and
inversion algorithms and the overall flow of the algorithm areillustrated in Figure 3.2.1.1.
Details of the transmission algorithm may be found in the SAGE |1l Transmission ATBD
(LaRC475-00-108). A brief overview of the transmission algorithm follows. The species-
inversion algorithm overview is discussed in Section 3.2.2. The species-specific segments
of the algorithm are found in 3.2.3.

Transmission Algorithm Summary

The function of the transmission agorithm is to produce multi-wavelength slant path
transmission profiles from time sequences of radiometric and engineering measurements by
the SAGE |11 instrument. Asshown in Figure 3.2.1.1, this process can be separated into
five components. data screening, position registration, altitude registration, wavelength
registration, and data grouping and statistics. The first step in the transmission algorithmiis
the screening of the input level zero (telemetry) data. The data-screening agorithm locates
missing or bad data and determines whether the data are recoverable. Next, the position
registration algorithm determines solar point positioning and the tangent height. The tangent
height is the altitude at which the ray is closest to the Earth’s surface for the line-of-sight
that originates from the center of the instrument’sfield of view to the position on the sun.
Taking theratio of the science scan data (any data with an associated tangent height below
100 km) relative to the same solar position on exo-atmospheric scans produces atmospheric
transmission for an individual measurement. The tangent height calculation provides the
height registration of the derived transmission values. Generally, tangent height is
dominated by geometric concerns, however it is corrected for atmospheric refraction,
which becomes increasing significant below 30 km. Each channel is also calibrated for
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wavelength using an operation mode of the instrument that occurs at tangent altitudes well
above normal operation regions in the atmosphere. Using all 800 pixels, a multi-linear
regression procedure is used to assign spectral positions to individual pixels by using a
standard solar spectrum. The solar spectrum has complex spectral features including the
solar Fraunhofer lines that measured by the SAGE |11 CCD spectrometer system. In this
manner, shifting and stretching of the pixels on the CCD device due to therma or
mechanical perturbations can be accounted for and the center wavelength for each of the
800 pixelswill be accurately determined. The final step in the transmission algorithmisthe
data grouping and statistics. This procedure takes the individual transmission data (up to
several thousand data points per channel) into dtitude profiles and performs statistical
analyses to determine the characteristics of the distribution of the measured data in each
group. Transmission profiles for each channel are produced on a 0.5-km grid from 0.5 km
to 100 km with an uncertainty estimate. The correlation between channels at 521, 1020 and
1540 nm at altitudes between 6.5 and 26.5 km is also calculated as required input to the
cloud presence agorithm.

3.2.2 Species Separ ation Algorithm

The species separation algorithm involves the inversion of the multi-wavelength slant path
transmission profilesinto vertical profiles of the molecular density of SAGE Il1-measured
gas species aswell as aerosol extinction at several wavel engths between 290 nm and 1550
nm. For most species, rather than work directly from transmission profiles T,(z), the
inversion algorithm works with the slant path optical depth, t, (z), which can be expressed
for wavelength, | , and slant path tangent height, z,, as

t, (z) =- In(T (2)) - (3.2.2.1)

The dant path optical depth at each SAGE 111 measurement wavelength consists of several
components including molecular or Rayleigh scattering, aerosol extinction, and usually
absorption by one or more gaseous species. At each tangent height, SAGE 111 will make
measurements at 87 wavelengths (or channels) between 290 nm and 1540 nm distributed as
shown in Table 3.2.2.1. The ensemble of SAGE |1l measurements at a given tangent
height can be expressed a series of linear equations of the form

+at

t, =t ,+t (3.2.2.2)

la I gn?
wheret, ;isthe Rayleigh slant path optical depth, t, , is the aerosol slant path optical depth,
and t, ,, isthe slant path optical depth for gas species n, where N can be from O to 4. A
crucial element of the inversion process is the partitioning of the total slant path optical
depth at each wavelength and tangent atitude into the contributions of the individual
components. Thus, for the measurement ensemble, there are unknown molecular and
aerosol components at each wavelength, unknown temperature and pressure, as well as
unknown ozone, nitrogen dioxide, and water vapor molecular densities, or, in anominal
sense, more than twice as many unknown parameters as measurements at each tangent
dtitude. Table3.2.2.1 liststhe primary and interfering species for each channel.
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Figure 3.2.1.1 Flow of data through the SAGE |11 processing algorithm.
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Table3.2.2.1 SAGE Il Channel Groupingswith Primary and Interfering Species.

Channel Grouping Primary Species Interfering Species+
S1 290 nm O,

S2 385 nm Aerosol NO,, O,
S3 433-450 nm NO,, Aerosol O,

A 521 nm Aerosol, Cloud NO,, O,
S5 563-622 nm O,, Aerosol NO,, H,O
S6 676 nm Aerosol O,

S7 758 nm Aerosol O,

S8 759-771 nm 0, (T.P) 0,

9 869 nm Aerosol O,, H,O
S10 933-960 nm H,O O,

S11 1020 nm Aerosol, Cloud O,

S12 1540 nm Aerosol, Cloud CO,, H,O

+ Any species influencing the retrieval of the primary species except the omnipresent
Rayleigh and aerosol components.

The Rayleigh contribution has awell-known wavel ength dependence (I ) and is dependent
only on the total molecular mass along the dant path. Formally, this can be expressed as

tir =Gl (2dX (23), (3.2.2.3)
i

where s, r isthe Rayleigh mass extinction coefficient determined using the formulation of
Bucholz (1996). And r (2) is the molecular mass density as a function of height and
determined from the current values for the temperature and pressure profiles and the ideal
gas law, and dx, (z,z)) isthe length of the slant path between the altitudes of z and z+dz and
includes the effects of spherica geometry and wavelength-dependent refraction [Chu,
1983]. Like the refraction component of the transmission algorithm, the unknown Rayleigh
slant path optical depth is initialy estimated using temperature and pressure profiles
supplied by the NCEP and the GRAM 95 climatology (for atitudes above 50 km). A
branch back to either refraction module or the Rayleigh calculation may be required if the
temperature and pressure product is the difference between the final product and the initial
guess is sufficiently large.
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The next step in the inversion process is to derive slant path number density profiles for
NO, and O, using multiple linear regression (MLR) and the channels for these species
listed in Table 3.2.2.1 (S3 and S5). The advantage of this procedure is that the fine
structure of these species, particularly NO,, in these bands permits the extraction of the
column densities independently of either the aerosol or molecular components. It is
necessary to simultaneously solve for these species since they absorb significantly in both
spectral regions (433-450 nm and 562-622 nm). The MLR inversion process is discussed
in detail in Section 3.2.3 of the NO,, NO,, OCIO, and O, ATBDs (LaRC475-00-101,
LaRC475-00-102, LaRC475-00-103, LaRCA475-00-107, respectively). Once the slant-
path column densities have been derived, the influence of NO, and O, is removed from all
measurement wavelengths in which it is a component excluding the mesospheric ozone
channel at 290 nm. The slant path aerosol optical depths for the nominal SAGE |11 aerosol
channels at 385, 448, 521, 595, 676, 758, 869, 1020, and 1540 nm (involving S2-S7,
S9, S11 and S12). They areretrieved as residuals of the MLR retrievals of O, and NO, and
thus are effectively a part of the MLR procedure.

In both the center of the ozone Chappuis band and in some of the aerosol channels, water
vapor isaminor contributor that cannot be initially corrected. Thus, in thefirst iteration, the
water vapor correction in these channels will be neglected. While, for subsequent
iterations, it will be determined using the current retrieved water vapor profile using the
method described in Section 3.2.3 of the SAGE |11 Water Vapor ATBD (LaRC475-00-
100).

The next stage in theretrieval processistheretrieval of the water vapor profile. Since both
aerosol and ozone significantly contribute in the SAGE |11 water vapor channels between
933 and 960 nm (Table 3.2.2.1), the first step in the water vapor retrieval algorithm isto
isolate the water vapor contribution. The effects of ozone can be estimated using the MLR
ozone product and the appropriate cross sections. For aerosols, we have initialy
implemented a simple multi-channel interpolation to remove the influence of aerosol using
the aerosol derived as a part of the MLR procedure. Thisis similar to the approach used
with earlier SAGE inversions however, the increase in number and proximity of aerosol
channels greatly improve this approach and modeling indicates that thisis sufficient for
most circumstances. However, more robust approaches are under investigation that allow
the retrieval to estimate both the water vapor profile, aerosol, and ozone effects
independently of estimates of aerosol and ozone based on measurements at other
wavelengths. This may be particularly advantageous for ozone effects since the temperature
dependence of ozone absorption in the water vapor featureis not well known and the
magnitude of ozone absorption may exceed that of water vapor at some altitudes. With the
current method, given the profile of water vapor slant path optical depths, the vertical
profile of water vapor density is solved for using the procedure described in Section 3.2.3
of the SAGE 111 Water Vapor ATBD (LaRC475-00-100). Itis a standard Levenberg-
Marquardt inversion that, unlike aerosol, O,, and NO, (which remain in slant path format at
this point of the inversion process), directly produces a vertical profile of water vapor
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molecular density. The derived water vapor profile may be used on subsequent iterations to
remove the influence of water outside the nominal water vapor band. In particular, water
vapor absorbs weakly near 600 nm (and thus influences ozone retrievals) as well as at 869
nm (influencing the aerosol extinction measurement at that wavelength).

The next stage in the retrieval processisthe retrieval of temperature and pressure (T/p).
Like water vapor, aerosol and ozone contribute in agenerally small but significantly way to
the total optical depth in the SAGE Il O, A-Band channels between 759 and 771 nm
(Table 3.2.2.1). Asfor the water vapor retrieval, we have initially implemented a simple
multi-channel interpolation to remove the influence of aerosol using the aerosol slant path
optical depth derived as a part of the MLR procedure. In addition, again, the effects of
ozone can be estimated using the MLR ozone product and the appropriate cross sections.
Once those species have been accounted for, the residual values are the slant path oxygen
A-band optical depths. Given the profile of oxygen A-band dant path optical depths (at 14
channels), the vertical profiles of temperature and pressure are determined using a non-
linear Marquardt-Levenberg method described in Section 3.2.3 of the SAGE IlI
Temperature & Pressure ATBD (LaRC475-00-104). Like the water vapor inversion
algorithm, the T/p procedure yields vertical profilesrather than dant path profiles.

Both the water vapor and the temperature and pressure retrieval agorithms require a
forward model as part of the retrieval process. We have implemented the Emissivity Curve-
of-Growth Approximation (EGA). Testing suggests that it is adequate and far quicker than
line-by-line calculations.

At this point of the retrieval process, it is possible that branching backward in the retrieval
process is possible. While unlikely, it is possible that the change in atmospheric density (as
inferred by the T/p retrieva) to be sufficiently large to change dtitude registration
performed in the transmission section of the retrieval process. In this case, the processing
branches back to the refraction computation segment of the transmission calculation. Itis
also possible that the processing could branch back to the Rayleigh optical depth or water
vapor sections of the species separation algorithm if the change in the estimated Rayleigh
correction profile exceeds the estimated uncertainty in those profiles. Otherwise, the
processing branches to the final stages of the inversion process. The branching process
will be run-time controllable feature.

The final stages of the retrieval algorithm are mesospheric ozone retrieval, profile peeling,
cloud presence detection, and aerosol stratospheric optical depth calculation. The
mesospheric ozone algorithm makes use of the 290 and 385 nm line-of-sight optical depths
(uncorrected for Rayleigh). Thisis a straightforward agorithm and discussed in the SAGE
[11 Ozone ATDB (LaRC475-00-107). Profile peeling (the conversion from line-or-sight or
slant path optical depth to extinction profile or number density) follows the SAGE 11

processing method in which a modified-Chahine method [Chahine; 1972, Twomey, 1975.
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Chu and McCormick, 1979; Chu, 1985; Chu et al., 1989] was employed, though
alternative methods are availabl e as runtime options including simple onion peeling.

The Cloud Presence Algorithm is detailed in SAGE 111 Cloud ATDB (LaRC475-00-106)
and makes use of aerosol extinction at 521, 1020, and 1540 nm between 6.5 and 26.5 km.
The basic algorithm relies upon wavelength ratios between these aerosol extinction in these
channels (clouds tend to be “white”) but also requires a separate user driven quality control
process for which a separate document is being devel oped.

With all species transformed to vertical profiles, construction of the data products listed in
Table 1.2.1 is executed and the data made available for archival.

Uncertainty Estimation

Satellite measurements contain uncertainty that includes both random and systematic
components. Asin the SAGE and SAGE Il retrievals, the SAGE 111 measurements will
provide uncertainty estimates for random components [Russell et. al., 1981; Chu et. al.,
1993]. Inthe case of systematic uncertainty, it is normally secondary and can be assessed
through sensitivity analysis. There are three primary sources of the random component of
the uncertainty (a) line-of-sight optical depth measurement errors, (b) the Rayleigh optical
depth estimate, and (c) uncertainties resulting from the remova of contributions by
interfering species. The basic concept of the reported SAGE 111 data-products uncertainties
is the transference of measurement error to data product error via the mathematical
processes that produce them.

The grouping and dtatistics algorithm described in the SAGE 11l Transmission ATDB
determines errorsin the line-of-sight optical depth (or its companion transmission). The
measurement error can be modified by the removal or clearing of the species which are
considered to “interfere” with the retrieval process. This usually includes the Rayleigh
component and, in some cases, one or more data products such as the removal of ozone
from the water vapor and temperature/pressure channels. If branching back occurs, the
Rayleigh uncertainty would be modified and water vapor uncertainty included at the
appropriate channels. Thismodified error then becomes the base measurement error.

The method by which these uncertainties propagate into speciesis greatly dependent on
method employed. For instance, MLR error in the line-of-sight values is a product of the
MLR mathematical process measurement spectrum and not strongly dependent on the
estimated signal error. Thisis described in more detail in the O,, NO,, NO,, and OCIO
ATBDs and in common reference materia [e.g., Bevington, 1969]. Since aerosol is
predominately aresidual of the MLR processits error is dominated by the measurement
error and the species errors estimated by this algorithm.
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To propagate errors determined for line-of-sight quantities (O,, NO,, NO,, OCIO, and
aerosol) to the uncertainties in the vertical profileis a straightforward application of the
least-squares form of onion peeling. The vertical profile of measurement variance (a vector,
q) (uncertainty squared) is multiplied by the inverse of the path length matrix, P to produce
the data product variance which can be expressed as

An element of the limb path length matrix contains the physical distance traversed by the
line-of-sight ray path for atangent layer n through layer m (non-zero only for m3 n).

In the Marquardt-Levenberg method, (used by water vapor and T/p retrieval algorithms),
covariance matrices are produced that trandate measurement error into species
uncertainties. In this case, since the products of these algorithms are the final data products
no further modification of the estimated error is required.

Table 3.2.2.2 Uncertainty Estimates

Species Expected Precision Altitude Range

Aerosol 5% 0-40

1020 nm,

521 nm

Temperature 2K 0-85

Pressure 2% 0-85

Ozone (Solar) 10% 6-85

Ozone (Lunar) <10% 16-35

Nitrogen Dioxide 15% 10-50

(Solar)

Nitrogen Dioxide <10% 22-32

(Lunar) <15% 19-37

(0)

Water Vapor 502?1/50% <33
33-42

Chlorine Dioxide 25% 15-25

Nitrogen Trioxide 10% 10-50

Note that systematic sources of error are neglected in discussion above. These arise
primarily due to the degree to which basic physical assumptions are obeyed (e.g., spherical
homogeneity; see Appendix C), imperfect knowledge of instrument performance,
spacecraft ephemeris, and spectroscopy. An assessment of the current state of spectroscopy
asitrelatesto SAGE 1l isgivenin Appendix D.

21



3.2.3 Temperature and Pressure Retrieval

Formulation of the Inver se Problem for Temperature and Pressure Retrieval

The retrieval of temperature and pressure profiles will be performed utilizing the
measurements of the oxygen A-band absorption spectrum. The oxygen A-band possesses
several features that make it well suited for remote temperature sensing. The line strengths
at the center of the absorption band are quite strong; therefore, high signal-to-noise
measurements can be obtained at the band center. The number of strong linesin the band is
less than 200; therefore, an accurate analytical computation of the measurement parameters
can be performed quite efficiently. In addition to the above features, the temperature
dependent parameters for the line strengths vary from positive to negative over the A-band.
For example, at wavelengths far away from the band center, the line strength increases with
increasing temperature, while at wavelengths close to the band center, the line strength
decreases with increasing temperature. This unique sengitivity of the line strength to
temperature can be utilized for highly accurate temperature profile sensing. An example of
the fine structure present in the oxygen A-band absorption spectrum is shown in Figure
3.2.3.1.

SAGE I11 will measure the oxygen A-band spectrum from approximately 759 to 771 nm
with aresolution of approximately 1.4 nm (full width at half maximum). The spectrum
will be oversampled with 14 channels equally spaced across the spectrum at approximately
1-nm intervals. An example of the oxygen A-band absorption spectrum displayed with the
SAGE Il1 spectral resolution is shown in Figure 3.2.3.2. Asillustrated in the figure, the
broad features of the A-band are observable at the SAGE |11 spectral resolution.

In addition to absorption by molecular oxygen, Rayleigh and aerosol scattering and ozone
absorption contribute to the extinction over this spectral region (see Figure 3.1.1.4). The
Rayleigh scattering component of the A-band measurements is temperature and pressure
dependent and will be included in the retrievals. However, the ozone absorption and
aerosol scattering components of the A-band measurements possess no useful temperature
and pressure information and, as a consequence, it is desirable to remove these
“interfering” contributions from the measurements before the retrievals are performed. The
details of how these ozone and aerosol contributions are removed can be found in the
Ozone and Aerosol ATBD’s, respectively, and only a brief description is provided here.
The ozone optical depth contribution in each of the A-band channelsis calculated as the
spectrally-integrated product of the ozone number density retrieved from independent
SAGE Il measurements at wavelengths outside the A-band and the ozone molecular cross
sections tabulated for the A-band spectral region. The aerosol slant path optical depth in
each of the A-band channelsis determined by interpolation from independent SAGE |11
aerosol slant path optical depth measurements at the four wavelengths: 676, 758, 868, and
1020 nm. It should be emphasized that although the robustness of the temperature and
pressure retrievals does not depend on the exact nature of how these corrections are
performed, it is dependent on their accuracy. Therefore, it is criticd to include the
uncertainty associated with these corrections in the total uncertainty calculations for the
retrieved parameters.
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The magnitude and spectral variation of the A-band absorptivity measurements depend on
the atmospheric temperature and pressure distribution in a complicated, non-linear fashion.
The accurate retrieval of these parameters requires an inversion technique that will utilize
the maximum available spectral information. Various techniques have been tested with
differing results. Simulations performed using a standard onion peeling method suggest
that temperature and pressure profiles cannot be retrieved with the desired accuracy using
this technique. Simulations have also been performed using a global fit approach [Carlotti,
1988], which uses a non-linear least squares procedure to simultaneoudly fit transmissions
from all spectral channels and slant paths. The global fit method makes use of all the
information contained in each measured transmission profile, while the onion-pedling
method neglects information below the current tangent altitude. As aresult, the global fit
approach has demonstrated a higher degree of accuracy than the onion peeling technique
and, therefore, we have adopted this approach for performing the SAGE |11 temperature
and pressure retrievals.
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Figure3.2.3.1 Detailed line structure of the oxygen A-band absorption spectrum for a
dant path at 20 km (displayed at a spectral resolution of approximately 0.02 nm).
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Figure 3.2.3.2 Sructure of the oxygen A-band absor ption spectrum for a slant path at 20
km (displayed at the SAGE |11 spectral resolution of approximately 1.4 nm).

In the global fit approach, a scalar merit function, ¢, is defined as

EA siA (a); (3.2.3.1)

QJ°Z

C:

where A™ isthe measured A-band slant path absorptivity for agiven channel and tangent
altitude with associated measurement uncertainty s;; A° is the corresponding modeled
absorptivity calculated using the forward model; a is the vector of temperature and pressure
values from atrial solution set of profiles; and M isthe total number of measurements from
all channels and tangent heights (nominally M=1260). The merit function is simply the
sum of the squares of the differences between the measured and modeled absorptivities
weighted by the corresponding measurement uncertainty. Profiles of best-fit temperature
and pressure values are determined by the minimization of this merit function. However,
due to the non-linearity of the problem, the minimization must proceed iteratively.

An updating equation can be defined in terms of the gradient of c¢? with respect to the
temperature and pressure parameters as follows

ﬂNc2
fia,

N riun N curr

Da, , (3.2.3.2)

where a, are the trial solution temperature and pressure values at each tangent dtitude
andDa are the desired adjustments to the trial solution that will minimize c?. We make the
basic assumption that Nc? vanishes when c¢? is aminimum (Rc2;,=0), so the updating
equation can be reduced to

24



fiNc?
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Based on the expression for ¢?in equation 3.2.3.1, N 2has the components

fet_ L4 A A@ i@
fia |1 Si fia

RNc2= (3.2.3.4)

Taking an additional derivative with respect to the temperature and pressure parameters,
ay , yields

A @ 'ﬂA (a) A (2)U
o, & i{ T [A"- A°(a) ‘Hajﬂak%' (3.2.3.5)

By convention, the factors of 2 in Equations 3.2.3.4 and 3.2.3.5 are typically eliminated
by defining

[A A @)] 14°(a)

s? Ta,

(3.2.3.6)

N

and
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With the definitions of a;, and b, given above, the updating expression (Equation
3.2.3.3) can now be rewritten as the set of linear equations with N unknowns

g
b, =aa,Da,. (3.2.3.8)

k=1
In matrix-vector notation, this set of equations can be written as

b=KDa, (3.2.3.9)

where b is avector with components b, K isthe kernel matrix with elements a,;,, and Da is
the vector whose components are the unknown temperature and pressure adjustments, Dg, .
The general solution to this set of equationsis

Da=a™-a" =K' (3.2.3.10)

where K " indicates the matrix inverse of K and the superscripts n and n+1 indicate iterated
solutions for the temperature and pressure profile vector (after each iteration, the
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temperature and pressure adjustments, Da, are added to a tria solution profile of
temperature and pressure, a", to produce anew trial solution profile, a™*).

A modified Levenberg-Marquardt non-linear least squares procedure [Levenberg, 1944;
Marquardt, 1963] will be used to iteratively solve this linear set of equations. The
L evenberg-Marquardt method is a well-known minimization procedure that has become a
standard of non-linear least-squares routines [Press et al., 1992] and its application to the
retrieval of atmospheric parameters from limb measurements has been demonstrated by
Carlotti [1988] and Wang et al. [1992]. A distinct advantage of this approach isits ability
to smoothly alternate between two different minimization methods as conditions warrant.
Initially, when far form the minimum, the L evenberg-Marquardt method takes large steps
using the steepest descent method to minimize ¢ and then gradually changes to the more
refined inverse-Hessian method as the minimum in c? is approached. Adopting the
Levenberg-Marquardt scheme, the temperature and pressure adjustments are determined by
solving amodified linear system defined by

Da=(K +I1)"'b. (3.2.3.11)

In thisexpression, | istheidentity matrix and | isthe Levenberg-Marquardt constant that
controls the minimization path taken. For very large values of | , the formulation reduces
to the steepest descent method; for very small values of | it reduces to the inverse-Hessian
method. Presset al. [1992] providesinsight into theinitial choice of | and how to reduce
it asthe minimum is approached. In our implementation, | isinitially set to avalue of 0.1
and isreduced by afactor of 10 after each successful iteration.

One of the strengths of the Levenberg-Marquardt method is the ability to directly estimate
the errorsin the retrieved parameters. Once the retrieval has converged, the covariance
matrix of the standard errors in the retrieved temperature and pressure parameters is
determined by setting | =0 and computing

C=K™, (3.2.3.12)

The diagonal elements of C are the variances (squared uncertainties) in the retrieved
temperature and pressure vaues, while the off-diagona elements are the covariance
between the retrieved parameters. The covariance provides information on inter-level
correlation between errorsin the retrieved temperature and pressure values. It isimportant
to note that the information contained in the covariance matrix is meaningful only if the
estimates of uncertainty in the measured absorptivities, s,, are realistic assessments for that
particular retrieval scenario. These uncertainties include both random measurement noise
and the error in removing the interfering aerosol and ozone components from the oxygen
A-band signal.

A suitable convergence test is required to terminate the iteration process. Press et al.
[1992] recommends stopping the Levenberg-Marquardt process when the decrease
inc “between successive iterations becomes negligible. In simulated retrievals, little
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improvement is found in the solution whenc “ decreases by less than 1% and therefore the
retrievals are terminated when this criterion is met.

The retrieval agorithm requires first-guess temperature and pressure profiles to begin the
iteration process. Operationally, the first-guess profiles will be derived from the NCEP
operational global analyses. Above 40 km, these profiles will be supplemented with data
derived from the GRAM-95 climatological model [Justus et al., 1995]. A schematic
overview of the complete retrieval processisshownin Figure 3.2.3.3.

Forward Model Calculations

The ability to retrieve accurate temperature and pressure profiles from the oxygen A-band
measurements depends not only on the accuracy of the SAGE Il measurements
themselves, but aso on an accurate forward model as well. The most accurate approach for
calculating the channel-averaged molecular oxygen absorptivities would be the so-called
line-by-line method. In this procedure, the molecular oxygen cross sections are first
computed in very narrow spectral intervals and then integrated over the atmospheric path to
produce “monochromatic” slant path transmissivities. The transmissivities are then
combined with the exoatmospheric solar radiance and instrument response function and
integrated over wavenumber to produce the channel-averaged slant path absorptivities.
This method, however, is far too time-consuming for operational processing.

An alternative numerical approach to calculate broad band absorptivity for inhomogeneous
paths at both the speed and accuracy necessary for operationa data processing is the
Emissivity Growth Approximation (EGA). The EGA method was first suggested for
transmittance cal culations by Weinreb and Neuendorffer [1973] and later reformul ated for
emissvity calculations by Gordley and Russell [1981]. This technique has proven
successful for operational forward model calculations in a number of limb viewing satellite
experiments [Chu et al., 1993; Marshall et al., 1994]. A detailed description of the EGA
technique and its application to the SAGE |11 forward model caculations of molecular
oxygen dant path absorptivity can be found in Appendix B.
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Simulation Studies

The retrieval algorithm together with the forward model form the basic tools necessary to
smulate realistic SAGE Il temperature and pressure retrievals. In lieu of actual
measurements, synthesized measurements will serve as the primary means to validate the
retrieval approach. To simulate realistic measurements, a component of random noiseis
added to the synthetic measurements generated with the forward model. The random noise
is assumed to be Gaussian with a standard deviation based on the estimated signal-to-noise
ratio of 3000.

Results of asimulated retrieval for an Arctic winter test case using synthetic measurements
with realistic noise are shown in Figure 3.2.3.4. The first-guess, “true”, and retrieved
temperature profiles are depicted as the dotted, dashed, and solid lines in panel (a),
respectively; while the actual differences between the “true” and retrieved temperature
profiles areillustrated in panel (b). The first-guess, “true’, and retrieved pressure profiles
and differences are similarly displayed in panels (c) and (d). The effect of measurement
noiseisreadily apparent as it produces oscillations in the retrieved products, especially
above about 40 km. Below 40 km, the retrieved data reproduce the “true” atmosphere
extremely well. The solid linesin the difference plots (panels b and d) represent the
magnitude of the standard errors in the retrieved temperature and pressure profiles
determined from the covariance matrix of the inversion. With few exceptions, these
standard error values bracket the observed differences between the “true’ and retrieved
atmospheric states and are reasonabl e estimates of the expected uncertainty in retrieved
parameters due to measurement noise.

The noise-induced oscillations in the retrieved temperature and pressure profiles such as
those shown in Figure 3.2.3.4 are not representative of real atmospheric variability and
therefore are undesirable. In an effort to reduce the magnitude of these oscillations, a
hydrostatic constraint has been implemented. For SAGE |11, temperature and pressure are
retrieved simultaneously and it is difficult to directly impose arigid hydrostatic constraint
on the solution. As an alternative approach, we have formulated a hydrostatic constraint in
terms of an additional set of equations that can be included in the minimization process. In
this way, the retrieved atmosphere is not strictly required to satisfy the hydrostatic
eguation, but instead is pushed towards hydrostatic equilibrium within the expected bounds
of the approximation in amore implicit sense. The results of a smulated constrained
retrieval are shown in Figure 3.2.3.5. The hydrostatic constraint significantly reduces the
magnitude of the oscillations in the retrieved temperatures and pressures above 40 km that
were present in the unconstrained case (Figure 3.2.3.4). The differences between the
“true’ and retrieved temperatures are reduced by afactor of 2 or greater above 50 km using
the hydrostatic constraint. The improvement in the pressure retrieval is even better with the
differences now less than 1% over the entire altitude range. The standard errors from the
covariance matrix (solid lines in Figure 3.2.3.5b and 3.2.3.5d) are also significantly
smaller, reflecting the better agreement observed between the retrieved parameters and the
“true” atmosphere.
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Uncertainty Estimates: Temperature and Pressure

Following the formal approach of Rodgers [1989,1990], we performed a comprehensive
characterization and error analysis of the temperature and pressure retrievals. Potentia
sources of error in both the forward model and the inversion algorithm were identified and
the sensitivity of the retrieval algorithm to these errors was studied. Table 3.2.4.3 provides
acomprehensive list of error sources in the temperature and pressure retrievals. The
magnitude of the temperature and pressure uncertainties from the various random and
systematic sourceslisted in Table 3.2.4.3 were estimated individually and then combined to
produce estimates of the total random, systematic, and experimental (combined random and
systematic) errors. In each case, the total error is estimated as the square root of the sum of
the squares of the individual contributions.

Table3.2.4.3. Error Sources

Sour ce Magnitude
Random
Measurement noise SNR=3000
Aerosol clearing 1.0% of aerosol SPOD
Ozone clearing 0.5% of ozone SPOD
Systematic
O, spectroscopy:
-Line strengths 1.0%
-Half-widths 2.5%
-Temperature exponent 15%
-Line centers 0.015cm™
O, cross sections 1.0%
EGA accuracy <5%

The total random error in the retrieval consists of contributions due to measurement noise
and errorsin clearing the aerosol and ozone components from the A-band signal (dotted
lines in Figure 3.2.3.6). The dominant source of random error in the retrieved
temperatures is measurement noise. Random errorsin the retrieved pressures are aso
dominated by measurement noise above 50 km, but ozone and aerosol clearing errors
become dominant below this altitude.

The total systematic error in the retrieval (dot-dashed lines in Figures 3.2.3.6) consists of
contributions from the oxygen and ozone spectroscopy errors and the Emissivity Growth
Approximation (EGA) radiative transfer calculation errors. The dominant source of
systematic error in both the retrieved temperatures and pressures below about 30 km is bias
in the exponent of the temperature dependence of the Lorentz half-widths. Between about
30 and 65 km, both EGA and ozone spectroscopy uncertainties are the most important
sources of systematic error. Above 65 km, bias in the oxygen line strengths becomes the
dominant source of systematic error in pressure, while the systematic errors in temperature
are due to a combination of line strength, line position, and EGA errors.

Thetotal estimated experimental error in the retrieved temperature and pressure profiles due
to all random and systematic sources is shown as the solid lines in Figure 3.2.3.6.
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Systematic error overwhelms random error in the pressure retrieval s and dominates the total
uncertainty in pressure at all altitudes. Systematic error also dominates the temperature
uncertainties below about 30 km, while measurement noise becomes the dominant source
of temperature error above about 40 km.
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Figure 3.2.3.6 Total experimental error (solid lines) in the retrieved temperature and
pressure profiles due to all random and systematic sources estimated by combining the
root-sum-squar e of the total random (dotted lines) and systematic (dot-dashed lines)
components.

3.3 Algorithm Testing Requirements

Algorithm testing will be performed both prior to launch and during the lifetime of the
instrument using the SAGE |11 datasimulator. The data smulator models both a ray
tracing-based model of the atmosphere and accounts for measured and modeled instrument
performance. For instance, the instrument model includes the effects of uncertaintiesin the
instrument wavelength-band pass, fields of view, detector response, and spacecraft
telemetry. The atmospheric model can include realistic uncertaintiesin errorsin external
data sets (e.g., molecular spectroscopy and lunar albedo) and the effects of atmospheric
gpatial inhomogeniety. The ssimulator should (and has) helped us to identify software errors
and below standard performance in individua retrieval components. The smulator is
maintained under configuration control and is considered an adjunct component of the
primary operational software.
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3.4 Validation Plan

Planning for the validation of all SAGE Il data products is covered in the SAGE Il
Validation Plan (LARCA475-00-020). Vaidation plans are uncertain due to the dip in SAGE
[11/Meteor-3M launch date and that document will be revised as launch date and available
funds available for validation become more certain.

3.5 Quality Control and Diagnostics

Routine processing will generate a series of quality indicators that assess the quality of the
data products and the degree to which the processing of each event was completed
according to expectation. The details of this process are outlined in The SAGE 11l Data
Management System Quality Assurance Document (LaRC475-03-115).
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Appendix A. SAGE |1l Instrument Description

The design of the SAGE 111 sensor relies heavily upon the flight proven designs used in
the SAM Il and SAGE I/11 instruments. Specifically, the separate sensor and electronics
modules concept from SAGE Il is utilized, as are the grommet isolation and
contamination door designs. Additionally, the SAGE Il pointing system and scan mirror
designs are reused, with certain necessary modifications (primarily an attenuator filter) to
permit solar and lunar observations with the same detector assembly.

The SAGE Il sensor assembly, illustrated in Figure A-1, consists of a sun-tracker,
telescope, and grating spectrometer with a CCD detector array; the mass is estimated at
35 kg., a volume of 6000 cm?®, with an average power of 60 W and a peak power of 75 W.
The two-axis passive sun-tracker, with a scan mirror that scans the instrumental field of
view across the solar disk, obtains multiple samples at each altitude, improving the
measurement precision. Sunspots are readily detected by scanning, rather than staring at
the Sun. A pictorial representation of the scanning pattern as a function of tangent
altitude and the corresponding detector output (single wavelength) is illustrated in Figure
A-2. The two solid lines denote the position of the top and bottom of the solar disk
during a sunrise event as viewed from the spacecraft. The gradual expansion of the
vertical sun shape is due to atmospheric refraction. The ordinate denotes the tangent
altitude, while the abscissa denotes the event time. During an occultation event, the
instrument scans the solar disk as indicated by the dashed line in the figure.

The telescope and spectrometer are illustrated in Figure A-3 and constitute new designs
optimized to meet the requirements of lunar occultation measurements. The telescope is
a f/4 Dall-Kirkham configured design chosen for its ease of alignment; the speed
represents a tradeoff between optimum performance and spectral imaging. The
spectrometer is a new design, utilizing a holographic, aberration reduced, grating to
provide stigmatic imaging at 440 and 868 nm with 1 nm resolution below 450 nm and 2
nm resolution between 740 and 960 nm. The grating is formed on a spherical substrate
with a radius of 152 mm and is imaged through a field flattener and order-sorting filters
onto the CCD detector. The grating is utilized in the first positive order with diffraction
angles between 8.3 and 17.0 degrees; a ruling of 199 lines per millimeter yields a
dispersion of 0.94 to 1.88 nm per pixel in the focal plane (depending on wavelength).
Evaluation gratings have been tested and demonstrate near-theoretical first-order
efficiencies with very low scattered light properties. The spectrometer has been ray-
traced and a Monte Carlo simulation of optical tolerances has been performed which
indicates that at the wavelengths of best spectral focus, a FWHM bandpass of less than
1.2 nm per pixel should be achievable.

The detector assembly consists of two elements, a Tektronix 800x10 pixel backside-
illuminated, thinned CCD array for the 280 - 1040 nm spectral region and a InGaAs
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infrared photodiode (1550 +- 15 nm) that are spatially co-registered. The 800 elements of
the array provide the spectral information, the 10 pixels aligned along the horizontal
direction are summed together and can be considered a single long pixel. Practical
considerations favor pixel subdivision: large pixels can have a low charge transfer
efficiency which can be avoided through subdivision, and secondly reducing the horizontal
instantaneous field of view (IFOV) can improve the probability of cloud-free
measurements. Consequently, in the solar occultation mode, 3 pixels (0.5x1.5 arcminute
IFOV) are used to improve the frequency of penetration of the measurements into the
troposphere. In contrast, for the lunar occultation measurements, all 10 pixels are used to
collect more light.

In the solar occultation mode, the optical throughput of the instrument (grating efficiency
and CCD quantum efficiency) combined with the spectral variation in the solar spectrum
produce a wide variation in the rate of charge accumulation in the CCD pixels as a
function of wavelength. Optimum performance (signal-to-noise ratio and dynamic range)
of the detector is achieved when pixels are operated at or near full well. To obtain full
well across the spectral region, a spectral flattening filter was considered to selectively
attenuate the spectrum near the middle of the spectral band pass, but was determined to
be too difficult to design. Instead, the array has been divided into eight segments that
have individually controlled integration times to control the filling of the wells. Each
segment is operated at or near full well, and the transitions between segments are chosen
to avoid potential science channels. This solution optimizes performance and eliminates
an item of significant risk and cost.

The lunar occultation measurements are significantly more complicated than the solar
measurements; depending upon phase, the Moon is between one million and ten million
times less luminous than the Sun, and the lunar albedo is non-uniform making
determination of atmospheric transmission non-trivial. The instrument is designed to
compensate for this large change in illumination in part by removing the solar attenuator
(a neutral density filter with an attenuation of 100) from the optical path. In addition, the
integration time is increased from 0.09-2.2 milliseconds to 62 milliseconds (with a
resulting increase in signal of 28 to 500), and the instrumental field of view is increased
from 3 pixels to 10 pixels (producing an increase of 3.3 in signal level). The resulting gain
increase of 165,000 should permit lunar measurements with a signal-to-noise ratio of 150-
300, only a factor of 10-20 times poorer than the solar measurements which implies that
the altitude range for the species retrievals will be somewhat reduced in the lunar
occultation mode.

The detector package has been modeled and electrical, optical, thermal, and radiation-
shielding testing of prototype detectors has been performed. The detector assembly is
surrounded by an aluminum radiation shield (nominally 1-inch thick) and is illustrated in
Figure A-4. The housing is comprised of a base plate, a lead frame assembly, and an
optical field flattener. The lead frame assembly is an insulating rectangle through which
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the electrical connections to the detector and a thermoelectric cooler (TEC) pass. The
field flattener is a plano-concave sapphire window. The purpose of the field flattener, in
addition to providing a window to the sealed CCD package, is to further increase the
radius of curvature of the focal field and coincide better with the planar CCD array.

Mounted to the backside of the field flattener are three order-sorting filters that provide
the out-of-band rejection of light diffracted towards the focal plane assembly from other
grating orders. The CCD is mounted to a TEC that is, in turn, mounted to the base plate
heat sink. The CCD is designed with built-in thermistors that are part of an active
temperature control system to meet the stability and end-of-life dark current
requirements. The detector assembly has been included in the stray light analysis of the
spectrometer, which showed that a significant reduction in the amount of scattered light
could be achieved by rotating the CCD about its long axis by 11 degrees and eliminating
internal reflections within the detector assembly. Also within the detector assembly is
the InGaAs photodiode for the 1540 nm channel. This channel lies in the zeroth-order
beam and has its band pass determined by a filter in much the same manner as was done
with two of the channels in SAGE Il. This detector is within the assembly because of
the close proximity of the zeroth-order light rays to the end of the CCD array. Prototype
detectors have been manufactured and tested for spectral quantum efficiency, dark current
versus temperature, full-well capacity, charge transfer efficiency, and linearity. Radiation
testing with monoenergetic proton beams of differing total doses have assessed the
performance in a radiation environment, and led to models of energetic particle transport
and secondary particle production, and an assessment of the shielding requirements for
the CCD. In addition, models were developed to describe the observed temperature
dependent gain of the field effect transistor preamplifiers on the CCD.

The spectrometer with the CCD array of detectors provides continuous wavelength
coverage between 280 and 1040 nm and will permit the measurement of multiple
absorption features of each gaseous species and multi-wavelength measurements of
broadband extinction by aerosols. In the present configuration, 12 solar channels (£80
sub-channels) will be routinely utilized in the solar occultation measurements and 3
channels (340 sub-channels) in the lunar occultation measurements, greatly decreasing the
random error in the measurements (precision), and allowing for more accurate modeling of
the multi-wavelength aerosol extinction. Included within the instrument band pass is the
O, A band (around 760 nm) which will permit the retrieval of density and temperature
with which the viewing geometry (as a pressure level) can be inferred. This improvement
over SAGE Il, which relied upon the NOAA gridded analyses, should improve the
accuracy of the SAGE Il1 profiles and simplify the comparison with other measurements.
Additionally, the linear array of detectors will permit on-orbit wavelength and intensity
calibration from observations of the exo-atmospheric solar Fraunhofer spectrum. The
continuous spectral calibration, combined with the self-calibrating nature of the
occultation technique (ratioing the signal transmitted through the atmosphere to the exo-
atmospheric reference signal for each measurement) makes SAGE 111 ideal for long-term



monitoring of trends in ozone and other gas species, which is a central objective of the
EOS program.

The expanded spectral coverage of the SAGE Il instrument permits the observation of
O3 in the mesosphere between 65 and 85 km by utilizing the UV absorption in the short
wavelength region between 385 and 290 nm and, combined with a fixed channel InGaAs
detector at 1550 nm, should greatly enhance the characterization of multi-wavelength
aerosol and clouds and extend this capability to lower altitudes in the troposphere. The
CCD array will provide approximately 2-nm resolution in the spectral region between
920 and 960 nm. In combination with an increase in digitization from 12 bit precision to
16 bit precision, this should allow for greater discrimination of water vapor from aerosol
(both volcanic and thin cloud), and better retrieval of the higher water vapor values at
lower altitudes in the troposphere than was possible with SAGE 1l. Table A.1 details the
measurement capability of SAGE 111 for single profile retrievals. The notable difference,
as discussed above, is the determination of pressure and temperature from oxygen A band
and the improved precision from the inclusion of additional channels.

With a 16-bit A/D converter, the SAGE IlIl spectrometer will allow for variable
integration time and on-orbit gain programming necessary for lunar observations. This
potentially doubles the number of measurements per orbit, but requires a detector and
signal chain that can accommodate the reduced flux observed during lunar occultations. In
lunar occultation SAGE 111 will monitor O3, NO,, pressure, and H,0, as well as OCIO
and NOs.



Table A.1: SAGE |11 Measurement Capability (single profile)

Channdl | Wavelength | Products Solar Error Lunar Error
(nm) Altitude | (%) Altitude | (%)
(km)

S1 290 O, 50-85 10

S2 385 Aerosol 15-40 10

L1 380-420 OCIO 15-25 25

S3/L1 433-450 NO,, 10-50, 10 20-50 10
Aerosol 10-40

L1 470-490 O, 16-35 10

4 521 Aerosol, 6-40 10
Cloud

S5 560-616 O, 6-60 5

L1 640-680 NO, 20-55 10

S6 670 Aerosol 3-40 5

S7 758 Aerosol 3-40 5

S8/L2 759-771 Pressure, 0-85, 2K 6-40 2
Temperature | 0-85 2K 6-40 6

9 869 Aerosol 0-40 5

S10/L3 | 933-960 H.0, 0-50, 10 6-25 15

S11 1020 Aerosol, 0-40 5
Cloud

S12 1540 Aerosol, 0-40 5
Cloud

a. Error is estimated precision
b. Lowest dtitude is determined by cloud top height

Figure A-1. The SAGE |1l sensor assembly.
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Figure A-2. Optical configuration and ray paths for the SAGE Il telescope and
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Figure A3. SAGE |11 detector package.
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Appendix B. Implementation of Atmospheric Retrievals

The retrieval of channels which involve spectroscopic simulation of individual spectral
lines employs the technique of Gordley and Russell (1980). This technique involves the
precalculation of a grid of transmissions as a function of temperature, pressure and mass
path. From the observed atmospheric absorption and an assumed temperature and
pressure of a layer, the mass path through a homogenous layer is obtained from
precalculated tables. This involves a reverse interpolation in temperature, pressure and
mass path within these precalculated tables.

A linear interpolation is not, in general, sufficient. Instead, a second order reverse
interpolation is performed by a Taylor series expansion around the closest point in the
matrix.

A i\ W
Vobs:\/ijk+ﬂ_-ll-k(T_ -Ii-)+ﬂ_r;k(p' pj)+ﬂ—ljk(u- U
é 17V, . TV o TPV, U, 1
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1V, 1°V, TV,
— K (T- T)(p- p ik (T- T)(u- ik (p- p)(u-
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HereV,, . isthe observed transmission, the transmission at the nearest grid point, i, j and k
the indices of the nearest grid point in temperature, pressure and mass path, respectively,
T., p, and u, the temperature, pressure and mass path, respectively, used in the computation
of the nearest grid point, and T, p and u the temperature, pressure and mass path
corresponding to the observed transmission. All quantities are known except u and this
equation forms a quadratic equation in u. Rather than determine the derivativesin this
equation by finite differencesinvolving individual transmission values in the precomputed
matrix, nine parallel matrices of all of the first and second derivativesin this equation are
also precalculated over the same grid. The grid spacingsin temperature, pressure and
mixing ratio are sufficiently fine that the interpolation from the precalculated derivatives are
accurate to within the SAGE |11 observed uncertainty.

The nine derivatives above are found in a manner analogous to the case of fitting laboratory
spectra described by Benner et al. (1995). For N spectra lines the transmission at a
specific wavenumber, V, , is the product of the transmission of each spectral line, V,,, at
that wavenumber.
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Differentiating both sides yields an expression for the derivative of the transmission with
respect to a parameter, x, which is used in the calculation of the transmission.

3)

Thisonly requires that the derivative with respect to transmission be found for each
spectral line individually. An equation may be derived for the second derivatives in a
similar manner. The derivative for an individual spectral lineis straightforward, although
complicated at times. For example, SAGE 111 uses only Voigt spectral line shapes. The
nth derivative for a Voigt spectral line with respect to the mass path, u, can be expressed in
terms of only the transmission itself, the mass path and n.

1V _&énVg'
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<

This expression provides two of the nine required derivatives. The remaining seven
derivativesinvolve at most only algebraic variations of the physical conditions, the spectral
line parameters, the transmission and the real and imaginary parts of the complex error
function. Thereal part of the complex error function isjust the Voigt function which was
used in the calculation of the transmission. Calculating both the real and imaginary parts of
the complex error function requires less than twice the time required to calculate the real
part.

The light falling upon asingle pixel of the CCD cannot be treated as monochromatic. The
transmission and derivatives must apply over a finite range of wavelength with the
appropriate point spread function, Y (I ), applied. Thisisapproximated by cal cul ations of
the transmission and its derivatives at n specific wavelengths and it is assumed that these
values are constant over afinite spectral interval, DI ;.

A Y0 ¥0)D,
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mean
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Here Y may represent either the transmittance or one of its derivatives.
The pressure, temperature and/or mass path as a function of position in the atmosphere are

retrieved by means of a global least squares solution. The least squares process requires
the derivative of the calculated transmission with respect to each unconstrained parameter at
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each observed atmospheric point. These derivatives are supplied directly by interpolation
in the precomputed derivative matrix. First order interpolation is done using a Taylor series
expansion and the tabulated second derivatives. For example, the derivative of the
transmission with respect totemperature requires four table lookups for derivatives.

-1+ oy
YT )

1V,

W T, I
1mu

oo (u-u) (6)

The derivative of the transmission with respect to a physical parameter in agiven layer is
insufficient in itself for the global least squaresretrieval. The derivative of the transmission
of aray in the occultation mode with respect to a physical parameter in a specific layer
requires that the derivative be propagated in the manner of Gordley and Russell (1980)
through the atmosphere. For example, the derivative of the transmission V after the final
layer N with respect to parameter x from layer i (1 £ 1 £ N) is accomplished with a series of
derivatives of the transmission with respect to mass path in the precal cul ated table.
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For i3 N, thederivativeis zero.

References

Benner, D. C., C. P. Rinsland, V. Malathy Devi, M. A. H. Smith and D. Atkins, A
multispectrum nonlinear least squares fitting technique, J. Quant. Spectrosc. Radiat.
Transfer, 53, 705-721, 1995.

Gordley, L. L., and J. M. Russell, A fast and accurate radiance algorithm for applications

to inversion of limb measurements, in Remote Sensing of Atmospheres and Oceans,
edited by A. Deepak, p. 591, Academic Press, San Diego, Calif., 1980.

50



Appendix C. Atmospheric Inhomogeneity

The SAGE Il inversion algorithm, as do essentially all processing algorithms for limb
viewing instruments, assumes that the atmosphere is spherically homogeneous. Thisis
probably a good assumption for most stratospheric constituents but is not always true for
cloud and may well be a poor approximation for other constituents in the troposphere. Of
all the species measured by SAGE 111, cloud is most likely to be affected by its own
inhomogeneous nature. Despite this, the current SAGE Ill algorithm, essentialy an
extension of that used for SAGE |1 (Kent et al., 1993), neglects this feature of cloud
observations. Simulation studies are in progress that may lead to modificationsin the
cloud detection algorithm that exploit inhomogeneity as a tool to infer the presence of
cloud. Inhomogeneous cloud, whether stratospheric or tropospheric, islikely to degrade
the quality of concurrent SAGE |11 measurements of molecular species and temperature
and pressure.

Airborne lidar data, taken on an approximately 8000 km flight path over the tropica
Pacific, has been used to simulate high altitude SAGE Il cloud measurements and their
inversion. These simulations produce cloud extinction values smilar in magnitude and
distribution to those obtained from SAGE Il. They aso show the existence of three
possible error conditions that result from the inhomogeneous nature of the cloud:

1. The true altitude of a cloud may be higher than that found as a result of the SAGE I|
inversion. Errorsof 1 km or more occurred in ~40% of the data set.

2. The inverted cloud extinction may differ (biased low) from the volume averaged
extinction aong the horizontal ray path.

3. The presence of non-uniform or isolated cloud patches can result in an apparent negative
inverted extinction value just below the cloud. Such values were observed in about one
third of the simulations. The present SAGE Il inversion scheme (bottom up Twomey-
Chahine) suppresses these negative values but compensates by reducing the extinction
value just above the offending level.

This work is presently being prepared for publication (Smulation of SAGE Il cloud
measurements using airborne lidar data, G. S. Kent, D. M. Winker, M. A. Vaughan, P.-
H. Wang, and K. M. Skeens, 1996).

SAGE transmission measurements are an amagamation of several independent scans
across the Sun. In the presence of cloud or other inhomogeneities, these scans will measure
different amounts of transmitted radiation from the same point on the Sun (because the
spacecraft moves and the LOS at a given tangent atitude, as aresult, also moves). These
differences are manifested in the transmission data as an increased standard deviation
relative to homogeneous conditions. The possibility exists that this variability may be used
asaadditional input to the cloud detection algorithm. The simulation described above has
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been extended to include spacecraft motion and compared to results from SAGE |
observations.

Figure E.1 shows a scatter plot of SAGE Il data at an altitude of 14.5 km in which the
relative error in the slant path optical depth (SPOD) has been plotted against the SPOD
itself. Low values of SPOD, corresponding to cloud-free observations, show low relative
error. As cloud is observed in some scans, the relative error increases to a maximum as
SPOD also increases. Then as more and more scans observe cloud, the relaive error
decreases as SPOD continuesto increase. Figure E.2 shows the equivaent simulation
using airborne lidar data. The behavior is very smilar to that shown in Figure E.1.
Individual data pointsin this figure are color coded by their wavelength extinction ratio
(525 to 1020 nm aerosol extinction ratio). Thisratio is used as the primary discriminator
between cloud and aerosol in SAGE Il observations and is similar to that proposed for the
SAGE Il algorithm. We note that the majority of the high error cases (mixed cloud)
would be identified as cloud due to their low extinction ratio. However, some high error
cases have higher extinction ratios and would not be identified as cloud by the SAGE 11
algorithm though cloud is clearly present.

Based on these results, we plan to carry out further ssmulations of the effect of cloud and
other inhomogeneities on the inversion agorithm and data quality (not only on cloud
presence but also for al other detected species). In particular, we will investigate the effects
of PSCs on data from the SAGE III/METEOR 3M flight. The outcome of further
simulations may lead to modifications of the inversion algorithm (particularly for cloud
detection) and error estimation. We will also consider the implication of cloud
homogeneity on the SAGE |11 validation program (particularly its tropospheric section).
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Figure C-1 A scatter plot of SAGE |l data at an altitude of 14.5 km, in which the relative
error in the slant path optical depth (SPOD) is plotted against the SPOD itself. Data
points cover both cloudy and non-cloudy situations.
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Figure C-2 Scatter plot equivalent to that shown in figure E.1, but derived from
simulations based on airborne lidar data obtained wihtin a cloud field. The color coding
shows the retrieved 525 to 1020-nm aerosol extinction ratio.
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Appendix D. Molecular Absorption Cross-Sections: Spectr oscopic Considerations
for SAGE 111

D.1 Introduction

This appendix reviews the current knowledge of molecular absorption cross sections as it
pertains to the SAGE 11 [Stratospheric Aerosol & Gas Experiment] instrument, and is
focused on the spectroscopic needs of the planned SAGE |11 measurements. This means
the discussion is limited to those molecules and spectral regions that will be measured by
the SAGE |11 instrument. Each of the individual molecules measured by SAGE Il is
discussed in a separate sections. However, each section addresses not only that part of the
spectrum which is used to measure that gas but the rest of the spectrum where absorption
by that species could interfere with the retrieval of other molecules.

D.2 Species Specific Information
D.2.1 Ozone

D.2.1.1 Ultraviolet

The compilation of UV ozone cross-sections for LOWTRAN 7 and MODTRAN, by G.P.
Anderson et al. (1989) is currently recommended, at least for wavelengths up to 345 nm.
This compilation is primarily based on the data of Bass & Paur (1985) from 240 to 330,
including a quadratic temperature dependence. Between 180 and 240 nm the measurements
of Molina& Molina (1986) are used. The measurements of Molina& Molina (1986) and
Y oshino et al. (1988) were used to extend the temperature dependent range to 340 nm, and
preliminary data of Cacciani et al. (1987), [later published as Cacciani et al. (1989)], was to
extend the wavelength coverage to 365 nm.

For wavelengths from 345 to 354 nm, the room temperature valuesin MODTRAN are
consistent with those of Molina & Molina (1986) and with those of Cacciani et al. (1989).
However there appears to be a problem with their temperature dependence for wavelengths
greater than 345, resulting in a significant underestimate of the ozone absorption at
stratospheric temperatures. The cause of this problem with the temperature dependence is
not clear, [G.P. Anderson, private communication, 1996].

The recent room temperature measurements by Daumont et al. (1992) from 195 to 345 nm,
agree within the stated accuracies with these earlier values. This group recently has
extended these measurements to lower temperatures, [Malicet et a., 1998]. Burrowset al.
(1999) have also measured the temperature dependence of ozone from 231 to 794 nm.
These measurements, along with the recent accurate measurements of the ozone cross
section for the 253.7 nm mercury line, by the University of Minnesota Group
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[Mauersberger, et al. (1986 & 1987) and Barnes & Mauersberger, (1986)], should be used
to re-examine the cross sections for this whole spectral region. The cross section at this
mercury line based on Hearn's (1961) data was used to normalize the Bass & Paur (1985)
data, along with a number of the earlier measurements.

Brion et al., [1998] have preliminary results continuing the room temperature
measurements for ozone absorption from 345 nm to 830 nm. . These should be used to
extend the ozone cross sections through the gap that currently exists in the available
guantitative data between 360 and 410 nm.

The uncertainties in the UV data are generally within 1 to 2 % for wavelengths less than
325 nm. At longer wavelengths the uncertainties become increasingly larger as the values
of the absorption cross section become smaler with increasing wavelength, and the
uncertainties in the zero-absorption reference value become more significant. The
uncertainties are nearly 10% by 345 nm, and greater than 20% for wavelengths greater than
350 nm. Inthe vicinity of the absorption minimum near the SAGE 385 nm aerosol
channel, the uncertainties in the absorption cross section exceeds a factor of 2. However,
at this wavelength the ozone absorption is negligible compared to the aerosol attenuation
and isless than 5% of the typical aerosol extinction near 30 km (and the peak ozone mixing
ratio0.

D.2.1.2 Visibleand Near Infrared Cross-Sections;

Recently there have been a several new spectroscopic studies of the ozone Chappuis and
Wulf absorption bands, (S.M.Anderson et al., 1990, 1991,1993a, and Burkholder &
Talukdar, 1994) along with measurements of the absolute cross-section at selected
wavelengths near the peak of the Chappuis band, (Anderson & Mauersberger, 1992), and
inthe near IR, (S.M.Anderson et a., 1993b). Shettle & Anderson (1994) have used these
to develop a new set of room temperature ozone absorption cross-sections. They
normalized the spectral measurements to agree with the absolute cross-section data, within
the measurement uncertainties, and smoothly joined the different sets of measurements, to
provide the new cross-section over the spectral range from 407 to 1089 nm.

The accuracy of this data set is about 1 to 2% from about 520 nm through 800 nm, where
they can be constrained by the measurements of Anderson & Mauersberger, (1992), and of
S.M.Anderson et al., (1993b). At the extreme wavelengths near 407 and 1089 nm, where
the cross section becomes very small the uncertainties are driven by sensitivity of the
measurements and possible errors in the zero absorption reference value. Near these
wavel engths the uncertainties in the data can exceed 25%, decreasing to 10% near 450 nm
and to less than 5% near 500 nm. At the longer wavelengths, the uncertainties in the ozone
cross sections increase from 2% to 5% between 800 and 850 nm, with afurther increase to
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about 10% near 950 nm. The recent results of Brion et a. [1998], tend to be
systematically higher by 1% than the measurements discussed above.

Burkholder & Talukdar (1994) have provided a very nice measurement of the temperature
dependence of the Chappuis band [from 407 to 762 nm], where they use two identical cells
to directly measure the ratio of the cross sections at 298 K and a reduced temperature
between 220 and 280 K.

The most significant deficienciesin the ozone datafor SAGE |11 are the need to extend the
measurements of the temperature dependence to 180 K, to cover the full range of
stratospheric temperatures and through the near IR. The latter is needed more to remove
0zone as an interfering species from the SAGE measurement of aerosols and water vapor in
the near IR as directly to measure ozone. While Burrows et al. (1999) have measured the
temperature dependence in out to 794 nm, their room temperature data is systematically
higher than either the Shettle & Anderson (1994) compilation or the Brion et al. (1998)
measurements throughout the visible. These differences range from 3 to 5 % near the 600
nm Chappuis peak, to in excess of 20% near 750 nm. Also the Burrows et al. (1998)
temperature dependence in the visible shows internal inconsistencies.
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D.2.2 Nitrogen Dioxide

SAGE Il has used the NO, cross sections measured by Graham & Johnston (1974) and
compiled by Goldman et al. (1978) for their retrieval of the NO, profiles, (Cunnold et al.,
1991). Since then there have been several new measurements of NO, absorption cross
sections, [Schneider et al., 1987; Davidson et al., 1989; Amoruso et al., 1993; Harwood
and Jones, 1994; Mérienne et al., 1995; and Coquart et al., 1995]. Unfortunately
intercomparisons of these different data sets with each other and the Graham & Johnston
(1974) measurements show differences aslarge as 1 nm in the position of the minimaand
maxima of the absorption as a function of wavelength, in addition to differences of up to
10-20 % in the total cross section. One deficiencies of many of these measurements (and
most of the earlier ones) is they were made at resolutions of 0.5 to 2 nm which istoo
coarse to resolve the structure present in the absorption spectrum. Kirmse, et al. (1997)
have concatenated several of these earlier measurements to develop a single NO, cross
section covering 300 to 908 nm. Using the Mérienne et al. (1995) for the 300 to 500 nm
region which includes the 420 to 460 nm region used by SAGE Il for its NO,
measurements.

Harder et al. [1997], provide a detailed critical evaluation of the earlier measurements, in
addition to high spectral resolution [< 0.01 nm] data of their own, covering 350 to 585 nm,
at temperatures between 217 and 298 K. These agree with the University of Reims datato
about 4% in absolute cross section. The details of the spectral structure agree athough the
effects of the aliasing in the Reims data are clearly present.

Recently Y oshino et al. (1997) and Vandagle, et al. (1996 and 1998) have also made high
spectral resolution (< 0.1 nm) measurements of the NO, cross sections. These all show
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agree with the high resolution data of Mérienne et al. (1995) and Harder et al. (1997), to 3
to 5 %. Most of these results include at least one low temperature measurement (except
Yoshino et a., 1997). These low temperature measurement also agree to within 5%, with
the spectral variations becoming more pronounced. That isthe local minima decrease with
decreasing temperature and the local maximaincreasing with decreasing temperature.

With an instrument such as SAGE Il which uses the difference between a single minimum
and maximum, the use of a pair where there are large differences between the positions and
cross sections, could lead to errors as large as 50 % by using the wrong cross section data.
It should be noted that the validation of the SAGE Il NO, measurements, [Cunnold et a .,
1991], indicate that the SAGE NO, data is accurate to 15%. SAGE Il will retrieve the
NO, from the structure across several minima and maxima, which should mean it is much
less sensitive to the position and cross sections of individua pairs of the minima and
maxima. In fact the SAGE Il spectral measurements can be used to check for systematic
wavelength shiftsin the NO, absorption data used in the algorithm.

In the spectral region from 400 nm to 460 nm, where there are a number of good quality
high resolution measurements available, the uncertainties in the NO, absorption cross
sections are 3-5 %. Thisincludes the portion of the spectrum used by SAGE |11 and many
other instruments to determine the concentration of NO, in the atmosphere. From 300 nm
to 400 nm and from 460 nm to 500 nm the uncertainties are 5-7 %. At longer wavelengths,
which are still important to remove the contributions of NO, from the measurements of
other species such as aerosols or NO,, the uncertainties are 5-10 %, and are limited to
measurements with resolutions (and wavel ength accuracies) of 0.5 to 2 nm, which means
additional errors will be introduced in convolving them with the spectral response of the
SAGE Ill instrument. The greatest needs for additional measurements are for high
resolution data at wavelengths longer than 500 nm and for low temperature measurements
at all wavelengths down to 180 K, to cover the full range of stratospheric temperatures.
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D.2.3 Oxygen

Accurate knowledge of the oxygen absorption cross sections are critical for the SAGE |
Experiment, since the SAGE Ill oxygen measurements are used to establish the
atmospheric density, temperature, and pressure profiles. 1n addition to the direct scientific
need for these profiles, they are also needed to remove the molecular Rayleigh scattering
contribution from the measurements of other species at all wavelengths, and for the
retrieval of the mixing ratio of the other gaseous species on pressure surfaces. This
removes the need for external source of this data, such asthe NMC analyses which were
used for the SAGE | and Il instruments. To retrieve the oxygen density, from which the
atmospheric density, temperature, and pressure profiles will be derived, SAGE 111 will use
differential absorption measurements across the oxygen A band from 755 to 775 nm.

The Ritter & Wilkerson (1986) measurements of the oxygen A band with a stated accuracy
of about 2%, appear to be the best of the available data. They have been adapted by
Chance (1995) for use with the Global Ozone Monitoring Experiment (GOME).
However, their band strength is higher than the al of the previous measurements that they
include in their Table 1V, exceeding the next highest by nearly 5%, the mean by 11%, and
exceed by 15% the data of Miller et al. (1969), (with a stated accuracy of 4%), which are
the basis of the 1992 HITRAN database, (Rothman et al., 1992). Ritter & Wilkerson's
(1986) line widths are near the middle of the range of the previous measurements, which
have a 30% range of values. However, while the 1996 HITRAN database adapted the
Ritter & Wilkerson (1986) line strengths, it continues to utilize the line widths of Givers et
al. (1974), which are at the low end of the available measurements.

Recently Brown and Plymate (1999) have measured the oxygen A band. The line
positions, line intensities and pressure-broadening coefficients of 44 transitions in the
oxygen A-band near 760 nm (from 13040 to 13168 cm-1) have been cdibrated using
laboratory data recorded at 0.02 cm-1 resolution with the Fourier transform spectrometer at
Kitt Peak in Arizona. The pressure-broadening coefficients for self- and nitrogen-
broadened widths and pressure-induced shifts in line positions have been measured
through J' = 24; these have been combined and modeled with a polynomial expressed as a
function of the upper state quantum number in order to compute the corresponding air-
broadened line shape coefficients associated with Voigt profiles. The temperature
dependence of the line widths has been determined from absorption spectra obtained with
gas samples temperatures between 205 K and 297 K

The measured intensities demonstrate that the values selected for the 1996 HITRAN
database are valid to within 1%. However, the line positions are in error by 0.002 to 0.015
cm-1 and the widths by 7 to 20%. Although the individua new measurements of
temperature dependence of widths have uncertainties of 15%, the average of new
measured values is within 2% of the mean value previously selected by HITRAN.
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D.2.4 Water Vapor

To measure atmospheric water vapor SAGE |11 will use differential absorption in the near
IR water band from 920 to 960 nm. The HITRAN database, Rothman (1992), based on
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the measurements of Chevillard et al. (1989), provides the best available spectroscopic
data, inthis region. This is an improvement over the 1982 edition of the HITRAN
database used by Chu et al. (1993) for the water vapor retrievals from SAGE 11. However
as noted by Brown and Toth (1995), this band is a complex of 10 interacting vibrational
states and a compl ete theoretical modeling has not been accomplished to date, limiting the
ability to give a complete accurate listing of the line positions, intensities, and spectral
assignments. Recently Giver et al. (1999) have reported that there were systematic errors
in implementing the line intensities of water vapor into the HITRAN database, which
effects all the visible and near IR water bands with wavelengths less than 1200 nm. For
the band centered around 940 nm, which will be by SAGE |11 to retrieve water vapor, this
correction amounts to a 14.4 % increase in al the lines derived from the data of Chevillard
et al. (1989). Which appliesto most of the linesin thisband. There are number of weak
linesin this region due to H,"” O and H,"0O, and afew unassigned lines. It is presently not
clear whether this correction applies to any of these lines, however atogether they
contribute only about 1% of the total band strength.

The reported accuracies of the Chevillard et al. (1989) data are 7 to 50 %, depending on the
gpectral line. Given the 50 % uncertainties apply to the weakest lines, when integrated over
the 2 nm resolution of the SAGE 111 detector, the water vapor absorption is known to about
10to 15 %. To achieve greater accuracy for water vapor retrievals will require new
measurements of the water vapor spectroscopy in the near IR.

Recently Brown et al. (1999, unpublished manuscript), have obtained new measurements
of the water vapor lines for the 940 nm band. The line positions and line intensities of
some 2600 transitions have been retrieved from 17 absorption spectrarecorded at 0.01 and
0.02 cm-1 resolution using the Fourier transform spectrometer at Kitt Peak in Arizona.
These have been combined with published analyses for isotopic water (H2-160-180 and
H2-160-170) to produce a new line list of some 4130 transitions from 9676.8789 to
11386.2119 cm-1. Available air-broadened and self-broadened line widths from other
vibrational bands at 6 um and 2.1 um have been inserted for A- and B- type transitions of
bandsin the 0.96 um region. There are no new data for pressure-shifts and temperature
dependences, however.

This study will correct the conversion mistakes recently uncovered in the visible line
parameters of water by COMPLETELY REPLACING the current 0.96 um list in
HITRAN and GEISA with better quality measurements (0.001 cm-1 for positions and 3%
for the intensities). The individua intensities range from 6.5 E-22 to 1.e-27 cm-
1/(moleculexcm-2) at 296 K.
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D.2.5 TheNitrate Free Radical NO,

SAGE Il utilizing differential absorption spectroscopy in the 640 to 680 nm region will
measure the nitrate free radical NO3. Itisat least aweak absorber throughout the visible,
although strong absorption features and 623 and 662 nm dominate its visible spectrum. A



general review of the Nitrate Free Radical NO,, including its spectroscopy, is given by
Wayneet a. (1991)n.

DeMore et a. (1997) recommend using an average of the studies by Marinelli et a. (1982),
Ravishankara & Wine (1983), Burrows et al. (1985), Ravishankara & Mauldin (1986),
Sander (1986), Canosa-Mas et a. (1987), and Cantrell et al. (1987) for the cross section at
the 662 nm peak at room temperature. There is disagreement in the temperature
dependence with Cantrell et a. (1987) finding the absorption to be independent of
temperature between 215 and 348 K, and Ravishankara & Mauldin (1986) and Sander
(1986) reporting the cross section increasing with decreasing temperature. For the cross
section increase, Ravishankara & Mauldin report 40 % between 298 and 220 K and
Sanders 20 % between 298 and 230 K. The recent measurements of Yokelson et al.
(1994) tend to support the temperature dependence of Sanders. Y okelson et al. also note
that their measurements can be considered to supersede the earlier results of Ravishankara
& Mauldin (1987).

The uncertainties in the absorption cross sections are 10-15 % at room temperature and 20-
25 % at stratospheric temperatures. Given this resultsin a corresponding uncertainty of the
retrieved NO, amounts, improved measurements are needed.
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D.2.6 Symmetric Chlorine Dioxide OCIO

Symmetric chlorine dioxide, OCIO, has series of absorption peaks between 280 and 480
nm , which reach a maximum near 351 nm. The region from 380 to 420 nm will be used
for the SAGE Il retrievals of OCIO. While there have been a number of spectroscopic
studies of OCIO, relatively few experiments have provided absolute cross sections at room
temperature, with apparently only Wahner et a. (1987) examining the temperature
dependence. Frost et a. (1996) have recently reported a spectroscopic study of OCIO at
stratospheric temperatures (200 +/- 20 K) however, using two different techniques to
convert this data to absolute cross sections, report differences of 50%. DeMore et al.
(1994) recommend the Wahner et al. (1987) absorption cross sections. These data have a
reported accuracy of 3-5 %.
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Appendix E. Lunar Altitude Registration

The tangent height registration for the lunar radiometric measurements can be accomplished
using a technique similar to the solar method described in the SAGE Il Algorithm
Theoreticad Basis Document, Transmission Level 1B Products, Section 3.2.3. To
accomplish the tangent height registration, the primary requirement is to accurately
determine the position on the lunar limb, in angular units, of the measurement position.
Meeting this requirement is complicated by the scanning motion of the instrument field of
view over the target (moon), resulting in the radiometric measurements being taken at
irregular points on the target limb, and the absence of accurate absolute pointing
information from the instrument. Additionally, the instrument is designed to focus the scan
plane through the radiometric center of the moon, which, unlike the case of the sun as the
target, does not coincide with the geometric center of the moon. Information provided by
the instrument used in the calculations to meet the limb position registration requirement
includes the time of the radiometric measurement and the accurate relative pointing
information derived from the movement of the instrument scan mirror. At each time
increment, a detailed ephemeris calculation can be accomplished that solves the geometry
data parameters for the spacecraft to Earth and moon. These ephemeris calculations provide
the geometry position information from the spacecraft to the moon center, top, and bottom
limbs.

To perform the tangent height registration, additional information will be required from a
radiance model of the moon. Information required from the model includes the radiance
center, terminator location, and rotation to the scan plane of the instrument. A radiance
model is currently being developed as part of the NASA Earth Observing Spacecraft
Mission by the U.S. Geological Survey and Northern Arizona University as Project
ROLO. The radiance map of the moon, required as an input to the SAGE |11 model, could
be the Project ROL O data when it becomes available, or some alternative to-be-determined
source.

The tangent height computations are accomplished using the following steps:

1. A radiometric model predicts the radiometric center of the moon and establishes whether
the upper or lower limb of the moon isinside the lunar terminator line.

2. The scan azimuth angle in angular units relative to the target is determined by the
difference between the ephemeris calculated velocity to target angle and the measured
relative azimuth change of the instrument.

3. An edge signature is established and used to accurately locate the first observation that

falls on the top or bottom edge of the lunar disk. The edge signature is established using the
second derivative inflection point as the edge crossing time.
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4. A geometric height correction is calculated for the first observation based on the offset of
the radiometric center of the moon from the geometric center of the moon, and the scan
azimuth angle. The geometric height correction, in angular units, is applied to the first
observation to correct for the height difference between the (known) height of the top (or
bottom) of the lunar disk and the offset height of the first observation.

5. Relative scan mirror elevation movement is used to calculate the angular positions of the
subsequent observation points on the lunar limb.

6. The refracted tangent dtitude of each observation point is then computed from the
angular positions using the same processing routine as the solar processing procedure.
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